ABSTRACT An experiment was conducted to study the effects of type of cereal (60% corn or 60% rice), heat processing of the cereal (raw or steam-cooked), and fiber source (control without hulls, 3% oat hulls, and 3% soy hulls) on gizzard pH and total tract apparent retention (TTAR) of nutrients in broilers at different ages. There were 12 treatments arranged factorially (2 × 2 × 3) and 6 replicates (8 chicks) per treatment. The 2 basal diets were based on soy protein concentrate and fish meal and had a neutral detergent fiber content of 3.5% for the rice and 7.3% for the corn diet. Gizzard pH was lower at 13 d than at 8 or 20 d of age (P ≤ 0.05) and was lower for the corn than for the rice diets (P ≤ 0.001). The inclusion of additional fiber reduced gizzard pH in broilers fed rice but not in broilers fed corn (P ≤ 0.001). Except for acid soluble ash, TTAR of nutrients increased from 4 d to 8 or 13 d of age (P ≤ 0.001) and then remained constant until 20 d. Nutrient retention was higher for the rice than for the corn diets (P ≤ 0.001) at all ages. The inclusion of oat hulls or soy hulls improved TTAR of nutrients and the effects were more pronounced for the rice than for the corn diet (P ≤ 0.001). Also, the beneficial effects of fiber inclusion on TTAR of ether extract and AME n of the diet were higher at younger ages (P ≤ 0.05). It is concluded that rice is a cereal of choice in prestarter diets for broilers. The reduction in gizzard pH and the improvement of TTAR of nutrients observed with additional fiber suggests that young broilers might need a minimal amount of fiber in the diet for optimal performance.
INTRODUCTION
Digestion of nutrients depends primarily on pancreatic enzyme activity, but the pancreas is functionally immature at hatch (Sklan, 2001) . Uni et al. (1995 Uni et al. ( , 1999 reported that the concentration of digestive enzymes in the small intestine (SI) was reduced from hatch to 4 d of age and then increased until d 14. Consequently, dietary nutrients are poorly utilized immediately after hatching. Early feed consumption results in a rapid development of SI that increased in size more during the first week of life than other digestive organs such as the proventriculus and the gizzard (Sell, 1996; González-Alvarado et al., 2008) . The preferential growth of the SI early in life indicates that young birds have priority for improving the uptake of nutrients over growth of other organs (Sklan, 2001) . Several strategies have been proposed to increase feed intake in chicks and to favor the development of the gastrointestinal tract (GIT) including the use of highly digestible ingredients (Sulistiyanto et al., 1999; González-Alvarado et al., 2007; Valencia et al., 2008) , heat processing (HP) of cereals (Moritz et al., 2005; García et al., 2008) , enzyme supplementation (Gracia et al., 2003; Lázaro et al., 2003) , and the inclusion of fiber in the diet (Rogel et al., 1987; Jørgensen et al., 1996) . Feeding rice improves nutrient digestibility and performance in piglets and broilers because rice is rich in highly digestible starch and low in nonstarch polysaccharide content (Vandeputte and Delcour, 2004) . Heat processing of cereals is a common practice in piglet feeding (Medel et al., 1999 (Medel et al., , 2002 , but the information available on its use in broiler diets is scarce and contradictory (Vukić Vranješ and Wenk, 1995; Mateos et al., 2002) . Probably, the effects of HP on nutrient retention and feed efficiency depend on the cereal considered and the conditions applied during the process. For example, heat increased starch gelatinization and energy utilization of cereals (French, 1973) , but an excess of heat might reduce the availability of the protein (Fernández and Parsons, 1996) and the starch Vicente et al., 2009 ) fractions of the diet.
Traditionally, fiber represents the indigestible component in poultry diets because birds do not digest cellulose (Tasaki and Kibe, 1959) . Janssen and Carré (1985) reported a strong negative correlation between crude fiber (CF) content of the diet and protein and fat digestibility in broilers and concluded that low-CF diets improve poultry performance. However, the inclusion of moderate amounts of fiber might benefit digestive physiology in pigs and poultry (Hedemann et al., 2006; Mateos et al., 2006) . In fact, Hetland et al. (2003) reported that moderate levels of insoluble fiber in the diet increased the ileal digestibility of starch. Recently, González-Alvarado et al. (2007) demonstrated that the inclusion of 3% oat hulls (OH) or soy hulls (SH) improved performance of broilers from 1 to 21 d of age and nutrient digestibility at 18 d of age. In the current trial, we studied if the effects of including 3% OH and SH in diets based on corn or rice, either raw or HP, on gizzard pH and total tract apparent retention (TTAR) of nutrients varied with the age of the bird.
MATERIALS AND METHODS

Cereals, Fiber Sources, and Diets
The ingredients (corn, rice, OH, and SH) and diets used were the same as in the research of González- . Briefly, a batch of yellow corn (Zea mays L.) and a batch of polished broken rice (Oryza sativa L., japonica variety; 80% Senia and 20% Tainato cultivars) were obtained from a commercial supplier and divided into 2 portions. The first portion of both cereals was ground through a hammer mill fitted with a 2.5-mm screen and used in the manufacturing of the feeds. The second portion of corn was steam-cooked in a hydrothermal reactor provided with 4 bodies (Amandus Kahl, Reinbek, Germany) for 60 min (15 min at 90°C, 10 min at 117°C, and then settled for 35 min), cooled, dried, and flaked through riffled rolls. A similar procedure was used for the second portion of rice, but in this case, the cereal was steam-cooked for 45 min at 90 ± 3°C (settled for 25 min only). After the process, the 2 cereals were air-dried at 150°C for 15 min. The OH and SH were ground through a hammer mill fitted with a 2-mm screen (Retsch Model Z-I, Stuttgart, Germany) and included as such in the corresponding experimental diets. The basal diets contained 21.9% soy protein concentrate, 7% fish meal, 3.8% soy oil, 60% of corn or rice, and 3% sepiolite (a complex magnesium silicate clay). Celite (acid-washed diatomaceous earth; Celite Corporation, Lompoc, CA) was added at 1% to all diets as an additional source of acid insoluble ash to estimate nutrient retention. The raw corn and raw rice basal diets contained 3,087 and 3,148 kcal of AME n / kg, 1.18 and 1.22% digestible Lys, 2.5 and 1.5% CF, 7.5 and 3.5% neutral detergent fiber (NDF), and 0.41 and 0.39% available P, respectively. In the remaining experimental diets, the native cereals were substituted by the same amount of steam-cooked cereals and 3% of either OH or SH was included at the expenses (wt/wt) of sepiolite. Therefore, the diets that contained hulls had more fiber and slightly more energy and protein than their respective control diets.
Details on the analytical procedures used to analyze ingredients and on the composition and the nutritive value of the cereals, fiber sources, and diets have been reported elsewhere . Briefly, ingredients, feeds, and feces were analyzed for moisture by the oven-drying method, total ash by muffle furnace, ether extract (EE) by Soxhlet fat analysis after 3 N HCl acid hydrolysis, and nitrogen by the Dumas method as described by AOAC International (2000) . Feed and feces were analyzed for gross energy in a bomb calorimeter. Acid insoluble ash, NDF and acid detergent fiber, and the geometric mean diameter (GMD) of ingredients and feeds were also determined . In addition, the water-holding capacity (WHC) of cereals, fiber sources, and experimental diets was determined as indicated by González-Alvarado et al. (2008) . Briefly, 3 subsamples (1 g of DM) of sepiolite, fiber sources, and diets were left to soak for 16 to 24 h in excess of distilled water (100 mL). Samples were filtered on a fritted glass crucible (porosity 2) and the walls of the beaker were carefully rinsed. The wet sample was weighed after letting the water drain for 10 min, and the WHC was calculated as the amount of water retained and expressed as liters per kilogram of DM.
Husbandry and Experimental Design
Details on husbandry and care of chicks have been reported elsewhere . Briefly, a total of 576 one-day-old male chicks (Cobb 500) with initial BW of 43.4 ± 3.6 g were distributed at random in 72 groups of 8 chicks (6 cages per each of the 12 dietary treatments). The trial was conducted as a completely randomized design with 12 treatments arranged factorially with 2 cereals (corn and rice), 2 HP of the cereal (raw and steam-cooked), and 3 fiber sources (control, 3% OH, and 3% SH).
Gizzard pH
At 8, 13, and 20 d of age, 2 chicks per cage were randomly selected and killed by asphyxiation with CO 2 .
The digestive tract with digesta was removed aseptically and then the gizzard was excised and the content was collected individually and homogenized in a 50-mL beaker. The pH of the digesta was measured in duplicate using a digital pH meter (model 507, Crison Instruments S. A., Barcelona, Spain). The pH value obtained from the 2 birds was averaged and used for statistical analysis.
TTAR of Nutrients
At 4, 8, 13, and 20 d of age, representative samples of excreta produced during the previous 24 h were collected, homogenized, dried in an oven (60°C for 72 h), and ground in a hammer mill fitted with a 1-mm screen (Retsch Model Z-I). The AME n of the diets and the TTAR of DM, organic matter (OM), acid soluble ash, EE, and nitrogen were estimated by the indigestible marker method using 2 N HCl insoluble ash as an indicator .
Statistical Analysis
All data sets were analyzed using the MIXED procedure of SAS (SAS Institute, 1990; Littell et al., 1996) . For TTAR of nutrients and gizzard pH data, the time effect was also evaluated, performing a repeated measurements analysis. Type of cereal, HP of the cereal, fiber content of the diet, and age, and their interactions, were considered as fixed effects. Results in tables are reported as least squares means. The experimental unit was the cage for all traits, and differences were considered significant at P ≤ 0.05. Polynomial contrasts were performed to study the linear and quadratic evolution of the traits studied with age.
RESULTS
The determined nutritive values of ingredients and diets were close to expected values . The GMD was greater for raw corn than for raw rice (548 vs. 438 μm, respectively) and for SH than for OH or sepiolite (582 vs. 467 and 65 μm, respectively). In consequence, the GMD was greater for the corn than for the rice diets and increased with inclusion of the hulls. The GMD of the diets ranged from 579 μm for the HP corn with 3% OH to 456 μm for the HP rice without hulls diet (Table 1 ). The WHC was higher for the HP than for the raw corn (2.79 vs. 1.97 L/kg of DM), but no effect of HP was observed for the rice. Soy hulls had greater WHC than OH or sepiolite (5.29 vs. 4.78 and 2.94 L/kg of DM for SH, OH, and sepiolite, respectively), and therefore, the inclusion of hulls increased the WHC of the diets.
Gizzard pH
Gizzard pH was affected by age (P ≤ 0.01), with the lowest value observed at 13 d of age (Table 2 ). The pH value of the gizzard was higher for the rice than for the corn diets (P ≤ 0.001) and was reduced (P ≤ 0.001) when fiber was included in the diet. An interaction between type of cereal and HP of the cereal was detected; gizzard pH was reduced with HP of corn, but no effect was observed with HP of rice (P ≤ 0.01). In addition, the effects of fiber inclusion on pH value of the digesta were higher for the rice-than for the corn-based diets (P ≤ 0.001).
TTAR of Nutrients
The TTAR of all dietary components, except acid soluble ash, increased from 4 d of age to 8 or 13 d of age (P ≤ 0.001) and then remained constant until 20 d (Tables 3, 4 , and 5). Acid soluble ash digestibility increased from 4 to 8 d of age and then declined linearly with age. Nutrient retention was higher (P ≤ 0.001) for the rice than for the corn diets. The effects of HP of the cereal on nutrient retention depended on the cereal used and the dietary component considered; HP of corn increased DM (P ≤ 0.001), OM (P ≤ 0.001), and EE digestibility (P ≤ 0.01) and the AME n content of the diet (P ≤ 0.001), whereas the opposite effect was observed with HP of rice. Heat processing of the cereal reduced nitrogen retention (P ≤ 0.001) in all diets. The inclusion of fiber increased TTAR of DM, acid soluble ash, nitrogen, and EE and the AME n of the diets (P ≤ 0.001). An interaction between type of cereal and fiber inclusion was observed for TTAR of DM (P ≤ 0.001), OM (P ≤ 0.001), acid soluble ash (P ≤ 0.01), nitrogen (P ≤ 0.001), and EE (P ≤ 0.001) and for AME n of the diet (P ≤ 0.001); fiber was more effective improving nutrient retention when included in the rice than when included in the corn diets.
DISCUSSION
Gizzard pH
Gizzard pH was lower at 13 d than at 20 d, with pH at 8 d of age being intermediate. González-Alvarado et al. (2008) reported that the pH value of the gizzard was higher and the relative fresh digesta was lower at 22 d than at 9 or 15 d of age. The higher digesta content might have stimulated HCl production in the Means within a column and main effects not sharing a common superscript are different (P ≤ 0.05).
A,B
Means within a row and main effects not sharing a common superscript are different (P ≤ 0.05). 1 n = 72. 2 n = 36 for the mean within each day and n = 108 for average value from 8, 13, and 20 d. 3 3% oat hulls. 4 3% soy hulls. 5 n = 24 for the mean within each day and n = 72 for average value from 8, 13, and 20 d. 6 n = 18 for the mean within each day and n = 54 for average value from 8, 13, and 20 d. 7 n = 12 for the mean within each day and n = 48 for average value from 8, 13, and 20 d. 8 Remaining interactions and remaining contrasts were not significant. *P < 0.05; **P < 0.01; ***P < 0.001.
upper part of the GIT via mechanoreceptors (Duke, 1986) , causing the reduction observed in pH. Gizzard pH was higher in broilers fed rice than in broilers fed corn, but the inclusion of fiber reduced the differences, a finding that is consistent with the higher CF content and greater GMD of the corn diets. González-Alvarado et al. (2008) reported that gizzard digesta content (% full organ) was higher and the pH was lower in broilers fed corn than in broilers fed rice. Heat processing reduced gizzard pH of the corn diets but had no effect on the rice diets, an observation that is consistent with the higher GMD observed in the diets based on HP corn. González-Alvarado et al. (2007) indicated that HP of corn but not of rice produced an expansion of the starch granule that resulted in an increase in particle size. Also, steam might have solubilized some of the hemicelluloses and expanded the lignocellulosic material (Weil et al., 1998) in the corn grain that might have Table 3 . Effect of cereal, steam cooking of the cereal (HP), and fiber inclusion (fiber) on total tract apparent retention of DM and organic matter (%) in broilers L***, Q*** L***, Q*** Cereal 1 *** *** HP 1 NS NS Fiber 2 *** *** Cereal × HP 1 *** *** Cereal × fiber 2 *** *** Cereal × age 3 Q** Q* HP × age 3 Q* NS Fiber × age 6 * NS Cereal × HP × age 3 L** L** Cereal × fiber × age 6 *** *** increased the particle size. The inclusion of fiber in the diet reduced gizzard pH, a finding that agrees with data of Jiménez-Moreno et al. (2007) . Fiber particles are retained for longer in this organ, and consequently, the pH of its contents was reduced.
TTAR of Nutrients
Except for acid soluble ash, nutrient retention increased with age, data that agree with most published reports Gracia et al., 2009 ). The Table 4 . Effect of cereal, steam cooking of the cereal (HP), and fiber inclusion (fiber) on total tract apparent retention of acid soluble ash and nitrogen (%) in broilers L***, Q*** L***, Q* Cereal 1 *** *** HP 1 NS *** Fiber 2 *** *** Cereal × fiber 2 ** *** HP × fiber 2 *** NS Cereal × age 3 L*, Q* NS Fiber × age 6 *** NS Cereal × HP × age 3 NS L* Cereal × fiber × age 6 * *** greater increase in nutrient retention with age was observed from 4 to 8 d of age, an observation that might be related with the time of maximal relative growth of the digestive organs. González-Alvarado et al. (2008) observed that liver and pancreas increased in size with age from 5 to 9 d, and Krogdahl and Sell (1985) reported that biliary and digestive enzyme secretions were higher at 9 d than at 5 d of age. Noy and Sklan (1995) Table 5 . Effect of cereal, steam cooking of the cereal (HP), and fiber inclusion (fiber) on total tract apparent retention of ether extract (%) and AME n (kcal/kg) in broilers reported that the net secretion of pancreatic amylase, trypsin, and lipase to the intestines increased from 4 to 21 d of age and that per gram of feed intake, the secretion of these enzymes was similar between 7 and 21 d of age. Similar data have been reported for bile secretion by Uni et al. (1995) . In addition, these last authors reported that passage time through the SI decreased by 30% from 4 to 10 d and that crypt depth in duodenum and jejunum, a reflection of enterocyte activity, increased linearly from hatch to 10 d of age. All of these findings are consistent with the results of the current trial showing that nutrient retention increased with age from 4 to 8 or 13 d after hatching and then remained uniformly high until 20 d of age. For acid soluble ash, TTAR peaked at 8 d of age and then decreased until 20 d of age, a finding that is consistent with the lower gizzard pH and the higher fresh digesta content in the gizzard at 9 d than at 22 d of age observed by González-Alvarado et al. (2008) . Guinotte et al. (1995) indicated that a low pH in the gizzard increased the solubility of the mineral salts, which in turn might facilitate digestion and absorption of the minerals in the upper part of the GIT. The TTAR of all dietary components was higher in broilers fed rice than in broilers fed corn, in agreement with data of González-Alvarado et al. (2007) , who reported better feed efficiency from 1 to 21 d of age in broilers fed rice than in broilers fed corn. Heat processing of corn improved digestibility of DM, OM, EE, and AME n of the diet, but the opposite effect was observed for rice. Starch constitutes up to 70% of the rice grain and rice starch is more crystalline in nature and is less protected from enzymatic attack than corn starch (Tester et al., 2004) . Consequently, endogenous enzymes will be more active and nutrient digestibility will be higher for raw rice than for raw corn. Conversely, HP will be less effective in improving nutrient digestibility of the rice than of the corn diets because the digestibility is already high for the rice grain. Moreover, an excess of heat might be more detrimental for rice than for corn because rice starch is less protected within the grain (Vicente et al., 2008) . In addition, most of the EE of the corn diets was provided by the oil contained inside the cells, whereas most of the EE of the rice diets was free oil added as soy oil. Consequently, steam cooking might release the lipids encapsulated within the oil bodies of the corn grain, and thus, HP might be more beneficial for the corn than for the rice diets. Also, HP might solubilize some of the hemicelluloses present in the corn, resulting in a release of sugars that might be partly available to the bird, improving the AME n of the corn diet.
Traditionally, it has been accepted that the inclusion of fiber in the diet impaired nutrient digestibility and bird performance (Janssen and Carré, 1985; Jørgensen et al., 1996; Sklan et al., 2003) . However, recent studies (Hetland et al., 2005; González-Alvarado et al., 2007) have demonstrated that TTAR of nutrients in low-fiber diets might benefit from fiber supplementation. In the current trial, fiber inclusion increased the digestibility of dietary components and the improvements were higher in young chicks (4 to 8 d vs. 13 to 20 d of age). Oat hulls are highly lignified (Bach Knudsen, 2001 ) and have a low WHC and swelling water capacity. Thus, diets containing OH will be more resistant to grinding than the control diets and will remain for longer in the gizzard (Hetland and Svihus, 2001 ). On the other hand, SH particles are coarser, more soluble, and have higher WHC and swelling water capacity than sepiolite, the complex mineral used as inert material in the control diet. Consequently, the inclusion of SH will increase gizzard size and the motility of the GIT with respect to the control diet. Thus, the inclusion of fiber might improve gizzard functioning and increase the reflux of the digesta from duodenum to the gizzard, facilitating the contact between nutrients and endogenous enzymes (Hetland and Svihus, 2001) . The prolonged residence time of the digesta in the gizzard and the increase in HCl secretion produced by coarser fiber particles will favor pepsin activation (Duke, 1986) . Moreover, OH inclusion increased the concentration of bile acids and α-amylase in the gizzard (Hetland et al., 2003) . All these observations are consistent with the improvement in fat, nitrogen, and energy retention observed. In the current trial, the beneficial effects of fiber inclusion on digestibility of dietary components were more pronounced in broilers fed rice than in broilers fed corn, an observation that is consistent with the lower CF content and smaller GMD of the diets based on rice.
We conclude that rice is better digested than corn in young broilers. Heat processing of corn improves DM and EE digestibility and AME n content of the diet, but no effects are observed with HP of rice. The inclusion of a moderate amount of fiber improves nutrient retention, especially during the first week of life, indicating that young broilers have a need for a minimal amount of fiber (>3.5% NDF or >1.5% CF) in the diet.
